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The time course of elongation and recovery of axial length associated with a 30 min accommodative task
was studied using optical low coherence reﬂectometry in a population of young adult myopic (n = 37) and
emmetropic (n = 22) subjects. Ten of the 59 subjects were excluded from analysis either due to inconsis-
tent accommodative response, or incomplete anterior biometry data. Those subjects with valid data
(n = 49) were found to exhibit a signiﬁcant axial elongation immediately following the commencement
of a 30 min, 4 D accommodation task, which was sustained for the duration of the task, and was evident
to a lesser extent immediately following task cessation. During the accommodation task, on average, the
myopic subjects exhibited 22 ± 34 lm, and the emmetropic subjects 6 ± 22 lm of axial elongation, how-
ever the differences in axial elongation between the myopic and emmetropic subjects were not statisti-
cally signiﬁcant (p = 0.136). Immediately following the completion of the task, the myopic subjects still
exhibited an axial elongation (mean magnitude 12 ± 28 lm), that was signiﬁcantly greater (p < 0.05) than
the changes in axial length observed in the emmetropic subjects (mean change 3 ± 16 lm). Axial length
had returned to baseline levels 10 min after completion of the accommodation task. The time for recovery
from accommodation-induced axial elongation was greater in myopes, which may reﬂect differences in
the biomechanical properties of the globe associated with refractive error. Changes in subfoveal choroidal
thickness were able to be measured in 37 of the 59 subjects, and a small amount of choroidal thinning
was observed during the accommodation task that was statistically signiﬁcant in the myopic subjects
(p < 0.05). These subfoveal choroidal changes could account for some but not all of the increased axial
length during accommodation.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
Since myopia often presents and progresses throughout the
school years, it has been hypothesised that high levels of near work
may contribute to its development (Curtin, 1985). A number of
studies have reported signiﬁcant associations between near work
and myopia development (Curtin, 1985; Fulk, Cyert, & Parker,
2002; Jacobsen, Jensen, & Goldschmidt, 2008; Lin et al., 1996; McB-
rien & Adams, 1997; Onal et al., 2007; Saw et al., 2002; Tan et al.,
2000), but there are other studies where the association between
these factors is not as clear (Ip et al., 2008; Mutti et al., 2002;
Saw et al., 2007). The documented associations between near work
and myopia, and the fact that myopia typically develops as a result
of an axial elongation of the eye (Grosvenor & Scott, 1991, 1993;
Jiang & Woessner, 1996) has prompted a number of investigations
into whether changes in axial length accompany accommodation.ll rights reserved.
oodman), sa.read@qut.edu.auStudies utilising partial coherence interferometry (PCI) for the
measurement of axial length have demonstrated that a small axial
elongation of the eye occurs with accommodation, although vary-
ing magnitudes have been reported (Drexler et al., 1998; Mallen,
Kashyap, & Hampson, 2006; Read et al., 2010a; Suzuki et al.,
2003;Woodman et al., 2010). However, the increase in optical path
length of the eye associated with crystalline lens thickness changes
during accommodation can result in an overestimation of axial
length with PCI techniques in an accommodating eye (Atchison &
Smith, 2004). Recent studies have endeavoured to overcome this
potential error induced when measuring axial length during
accommodation, by either measuring axial length immediately fol-
lowing accommodation (where lens thickness changes are ex-
pected to be minimal) (Woodman et al., 2010) or by measuring
axial length during accommodation with an instrument that also
provides measurements of lens thickness (this allows an estimate
of the likely measurement error in axial length) (Read et al.,
2010a). Both of these recent studies, that are unlikely to be sub-
stantially inﬂuenced by measurement errors associated with the
PCI technique during accommodation, have also found a signiﬁcant
increase in axial length with accommodation.
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ial length during accommodation, the exact cause of this axial
elongation is unknown. It has been suggested that it may arise
from a mechanical stretching of the globe from inward forces im-
posed by the ciliary muscle on the globe equator during accommo-
dation (Drexler et al., 1998; Mallen, Kashyap, & Hampson, 2006;
Woodman et al., 2010). As these previous studies deﬁne axial
length as the distance from the cornea to the retinal pigment epi-
thelium (RPE), it is also possible that changes in the thickness of
the choroid with accommodation could contribute to the observed
axial length changes. However, the presence of choroidal thickness
changes during accommodation has not previously been
investigated.
Reports of differences in the magnitude of accommodation in-
duced axial elongation between refractive error groups have var-
ied, with initial studies reporting a larger increase in axial length
in emmetropes compared to myopes (Drexler et al., 1998), while
later studies using the IOLMaster have found larger axial length
changes in myopic subjects (Mallen, Kashyap, & Hampson, 2006;
Woodman et al., 2010). Recently, Read et al. (2010a) reported no
signiﬁcant difference between a population of emmetropic and
lowmyopic subjects in terms of magnitude of axial elongation dur-
ing a brief period of accommodation, while Woodman et al. (2010)
reported that progressing myopes exhibit a greater change in axial
length after a prolonged accommodation task.
The majority of previous studies investigating axial length and
accommodation have only used brief periods of accommodation,
with measurements typically only collected at a single time point
during accommodation (Drexler et al., 1998; Mallen, Kashyap, &
Hampson, 2006; Read et al., 2010a; Suzuki et al., 2003). The exact
time spent accommodating in these previous studies has either
been very brief (i.e. 20 s (Mallen, Kashyap, & Hampson, 2006; Read
et al., 2010a)) or has not been reported (Drexler et al., 1998; Suzuki
et al., 2003). Woodman et al. (2010) investigated the inﬂuence of a
longer period of accommodation (30 min) however measurements
were only taken before and immediately after the near task, with
no measurements during the 30 min period of accommodation.
Some of the differences between previous studies in terms of mag-
nitude of change in axial length and differences between refractive
error groups could therefore potentially relate to the length of time
spent performing the accommodation task. An improved under-
standing of the time course of change and recovery of axial length
with accommodation may help to clarify some of these previous
inconsistencies.
In this experiment we aimed to investigate the time course of
change and recovery in axial length during an extended period of
accommodation, and to examine the potential role of the choroid
in these changes. We have used optical low coherence reﬂectome-
try (a technique analogous to PCI) which allows measurement of a
range of ocular biometrics including axial length, crystalline lens
thickness and choroidal thickness, before during and after a
30 min accommodation task in a population of young adult myopic
and emmetropic subjects.2. Methods
2.1. Subjects
Fifty-nine young, healthy adult participants (females n = 39,
males n = 20) aged between 18 and 30 (mean age 21.83 ± 2.98 years,
emmetropes 21.68 ± 2.97 years, myopes 21.92 ± 3.03 years) were
recruited for the study, primarily from the students of the QUT
School of Optometry and Vision Science. None of the subjects
had any signiﬁcant history of ocular or systemic disease, injury
or surgery. Participants underwent a brief eye examination toascertain their current refractive status, monocular amplitudes of
accommodation and to ensure normal ocular health. Participants
who routinely used soft contact lenses were asked to refrain
from wear for 24 h prior to testing (n = 31). To calculate myopic
progression rates, a questionnaire was completed by each subject
detailing their refractive history over the past 5 years, and if
necessary the subjects’ primary eye care practitioner was contacted
to obtain previous prescription information. Approval from the
university human research ethics committee was obtained before
commencement of the study and subjects gave written informed
consent to participate. All subjects were treated in accordance
with the declaration of Helsinki.
The subjects were classiﬁed based upon their subjective spher-
ical equivalent refraction (SER) as either emmetropes (n = 22, SER
+0.50 to 0.25 DS, with no more than 0.50 DC), or myopes
(n = 37, SERP 0.75 DS, with no more than 1.00 DC). The mean
SER ± SD for the right eye was +0.16 ± 0.28 DS for the emmetropes
and 2.90 ± 1.57 DS for the myopes. The mean cylindrical refrac-
tion of the emmetropes right eye was 0.13 ± 0.24 DC and myopes
0.39 ± 0.39 DC. All subjects exhibited a best-corrected visual acu-
ity of 0.00 logMAR or better. Monocular amplitude of accommoda-
tion measured with the push up method found all subjects’ to have
P8 D of accommodation in their right eye (mean = 11.25 ± 1.74 D,
emmetropes = 11.18 ± 1.63 D, myopes = 11.38 ± 1.96 D). The
emmetropic refractive group consisted of 14 females (64%) and 8
males, and the myopic group 25 females (68%) and 12 males. The
population consisted of 39 subjects of Caucasian (66%), 13 of East
Asian (22%), and 7 (12%) subjects of either Indian (6) or Middle
eastern (1) ethnic origin.
2.2. Procedure
Following the screening and classiﬁcation of participants, each
subject had ocular biometry performed on their right eye before,
during and after a 30 min accommodation task. Ocular biometry
measurements were obtained with the Lenstar LS900 (Haag-Streit
AG, Koeniz, Switzerland) optical biometer, which measures a range
of ocular biometric parameters including central corneal thickness
(CCT), anterior chamber depth (ACD), crystalline lens thickness
(LT), axial length (AL, the distance from the anterior corneal surface
to the retinal pigment epithelium), retinal thickness (RT, the dis-
tance from the inner limiting membrane to the retinal pigment
epithelium) and choroidal thickness (ChT, the distance from the
retinal pigment epithelium to the choroid/sclera interface). The
Lenstar instrument is based upon the principles of optical low
coherence reﬂectometry, and has been found to provide highly
precise ocular biometric measurements that compare closely to
previously validated instruments like the IOLMaster (Buckhurst
et al., 2009; Cruysberg et al., 2009; Holzer, Mamusa, & Auffarth,
2009; Rohrer et al., 2009).
To reduce the likelihood that the measurements were con-
founded by the effects of previous visual tasks, prior to any ocular
measurements participants were required to perform a distance
viewing task for 20 min (watching television from a distance of
6 m wearing their full distance refractive correction). Participants
were then required to view a ﬁxation target imaged at inﬁnity with
their right eye through a Badal optometer via a beam splitter posi-
tioned in front of the Lenstar biometer (Fig. 1). The fellow eye was
occluded throughout the experiment to ensure reliable ﬁxation of
the tested eye and eliminate the need for convergence while view-
ing the target. Pilot studies performed with and without the beam
splitter on a model eye and on the right eye of 5 subjects showed
that the presence of the beam splitter had no signiﬁcant effect
(p < 0.05) on the ocular dimensions measured. The pellicle beam
splitter used in this experiment had a transmittance of 72% and
reﬂectance of 28% for the Lenstar’s 820 nm beam wavelength
Fig. 1. Illustration of the experimental setup. The retro-illuminated target was
viewed through a 12 D Badal lens and beam splitter (BS), and ocular biometrics of
the subjects’ right eye were measured with the Lenstar (LS). The target was either
imaged at inﬁnity (0 D), or to give a 4 D stimulus to accommodation, accounting for
each subject’s spherical equivalent refractive error. The subjects’ left eye was
occluded for the duration of the experiment.
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determine baseline ocular dimensions with relaxed accommoda-
tion. The ﬁxation target in the Badal optometer consisted of a sin-
gle spaced passage of size 12-point text, (each letter subtended
0.024 at the cornea). This target was retro-illuminated by an
LED light source (luminance of 237 cd/m2) and was positioned to
correct for each subject’s spherical equivalent distance refractive
error. Before measurements commenced, the beam splitter was ad-
justed so that the Lenstar’s measurement beam coincided with one
of the letters in the ﬁxation target’s text. Subjects were instructed
to maintain clear focus on the passage of text throughout the
experiment and to focus on the letter closest to the measurement
beam during all measurements. Following the baseline (0 D accom-
modation stimulus) measures, the ﬁxation target was moved to
provide a 4 D stimulus to accommodation and the subjects’ were
instructed to maintain clear focus on the passage of text for a
30 min period. During this time, measurements were taken every
5 min. After 30 min of accommodation, the target was rapidly
moved back to a 0 D accommodation demand and measurements
were immediately captured to measure any post-task changes in
ocular dimensions. Ocular biometric measures were then moni-
tored over a 10 min period (with measures every 5 min), as sub-
jects continued to view the target at a 0 D accommodation
demand. The protocol therefore involved 1 baseline measure with
relaxed accommodation (0 D), six measures during a 30 min
accommodation (4 D) task, and three measures after the task with
relaxed accommodation (0 D) over a 10 min period. At each mea-
surement point during the protocol, ﬁve repeated measures were
taken. The average time to collect the ﬁve measures at each session
was 93 ± 13 s.2.3. Analysis
The ocular biometric data for each subject were obtained and
averaged at each of the 10 time intervals. CCT, ACD, LT, and AL
are all automatically derived by the Lenstar software. Manual anal-
ysis of the Lenstar A-scan output was also performed to determine
both RT and ChT as described in detail previously (Read, Collins, &
Alonso-Caneiro, 2011). This was achieved by zooming on the pos-
terior portion of the A-scan and adjusting the screen cursor of the
Lenstar software to align with the A-scan peaks originating from
the posterior eye. The distance between the anterior ‘‘P1’’ peak(which corresponds to the inner limiting membrane), and the
central ‘‘P3’’ peak (which corresponds to the retinal pigment
epithelium) was derived to determine RT. The distance from the
central ‘‘P3’’ peak and the posterior P4 peak (which is assumed
to originate from the choroidal/scleral interface) (Read, Collins, &
Alonso-Caneiro, 2011; Read, Collins, & Sander, 2010b; Brown
et al., 2009) was derived to provide an estimate of ChT (Fig. 2). This
approach for deriving retinal and choroidal thickness assumes that
retinal and choroidal refractive indices are equal, which is consis-
tent with previous interferometric methods used to quantify
choroidal thickness (Schmid et al., 1996). One independent masked
observer was used to manually determine the retinal and choroidal
peaks to avoid potential measurement bias.
The Lenstar instrument is known to use an average ocular
refractive index for calculating axial length. To account for any
error induced in our axial length measures by increases in lens
thickness during accommodation (Atchison & Smith, 2004) we
‘corrected’ each subject’s axial length measures based upon their
individual biometric measures. Using the optical parameters of
the Gullstrand no. 1 (exact) shell lens model eye, the error (E) in
the estimated axial length of the accommodating eye can be calcu-
lated using the equation E = OPLa/nave  Lu, where OPLa is the opti-
cal path length of the accommodating eye, nave is the average
refractive index of the unaccommodated eye, and Lu is the geomet-
rical length of the unaccommodated eye (Atchison & Smith, 2004).
Atchison and Smith’s formula assumes there is no change in axial
length between accommodative and non-accommodative states,
and calculates the amount of change (error) in axial length that
would occur as a result of changes in effective ocular refractive in-
dex with accommodation. Each subject’s ocular dimensions pro-
vided by the Lenstar instrument were used to derive OPLa and
nave in order to calculate the potential error induced by the accom-
modation in the near task (E), and this error was subtracted from
the measured axial length to provide the ‘corrected axial length’
for each individual subject. The average refractive index of the
unaccommodated eye, nave, is calculated as the sum of the individ-
ual ocular components’ refractive indices, weighted by the propor-
tion that each component takes up of the eye’s total geometric
length (with these geometric lengths for the unaccommodated
eye taken from the Lenstar data of each individual subject). The
optical path length of the accommodating eye (OPLa) is given by
the sum of the optical path lengths of each of the ocular compo-
nents in the accommodating eye. The refractive indices used in
these calculations were taken from the Gullstrand no. 1 (exact)
eye with shell lens. The proportion of the lens thickness taken up
by the anterior, core and posterior lens shells was kept the same
for all subjects, and consistent with the proportions in the Gull-
strand no. 1 (exact) model unaccommodated eye. The exact refrac-
tive index used by the Lenstar LS900 for converting optical path
lengths to geometric distances to calculate axial length is propriety
information, and so only an estimate of the error can be made.
Following data collection, four subjects (1 myope, 3 emme-
tropes) were excluded from all analyses as they did not exhibit evi-
dence of a consistent, signiﬁcant accommodative response during
the near task (i.e. they showed a 100 lm or less shallowing of
the ACD and thickening of the crystalline lens during the accom-
modation task). Eleven subjects (7 myopes, 4 emmetropes) did
not exhibit consistent peaks from the posterior crystalline lens sur-
face in their A-scan data during all measurement sessions and one
of these additional subjects was also missing ACD measurements
at some time points, and was therefore excluded from ACD analy-
sis. Of the 11 subjects with incomplete LT data, ﬁve had LT data in
more than 50% of their measurements, and were able to have their
lens thickness at those time points where they were missing data,
estimated based on extrapolation of their average LT measures at
the other time points, and were therefore included in the corrected
Fig. 2. A typical A-scan from the posterior eye, the peaks are thought to correspond to posterior eye anatomical landmarks; with the anterior peak (P1) originating from the
inner limiting membrane (ILM), the prominent central peak (P3) from the retinal pigment epithelium (RPE), and the most posterior peak (P4) thought to originate from the
choroidal/sclera interface (Ch/Scl). Manually adjusting the screen cursor of the Lenstar software allows the determination of retinal thickness (RT) and choroidal thickness
(ChT).
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with complete LT data for all time points, to estimate the likely
reliability of the extrapolated data. A similar extrapolation for LT
at one time point during accommodation was performed, which al-
lows a comparison to be made between the extrapolated and the
actual LT. For those subjects with complete data, the average dif-
ference between an extrapolated LT and the actual LT was 2 lm.
Potential errors of this magnitude are unlikely to have a substantial
inﬂuence on the corrected AL values (a 2 lm change in LT would
result in a 0.1 lm change in AL).
To examine the ocular changes over time during the experiment
and to investigate for any signiﬁcant differences between refrac-
tive error groups, a multivariate repeated measures analysis of var-
iance (MANOVA) was performed for each of the ocular parameters
(CCT, ACD, LT, AL, RT, and ChT), with one within subject factor
(time) and the between subject factors of refractive error group.
This MANOVA analysis was performed ﬁrstly to examine the ocular
changes from baseline (pre-task) occurring during the accommo-
dation task, and then to examine the changes during the post-task
(disaccommodation) phase of the experiment. Ocular parameters
showing signiﬁcant main effects in the MANOVA were further
examined using Bonferroni adjusted planned comparisons to
examine the signiﬁcance of the change from the pre-task measures
at each time point. Analysis of covariance was also carried out to
examine for associations between the changes in each of the mea-
sured ocular parameters over time, using the methods of Bland and
Altman for the analysis of repeated measures (Bland & Altman,
1995).
3. Results
Baseline AL was highly signiﬁcantly different (p < 0.001) be-
tween the two refractive groups, with the average AL being
24.73 ± 1.04 mm (n = 33) for the myopes and 23.37 ± 0.81 mm
(n = 16) for the emmetropes. The average of all subjects was
24.29 ± 1.16 mm (n = 49). For the accommodation task, MANOVA
revealed a signiﬁcant effect of time on the corrected AL measures
(p < 0.05). Immediately following task commencement (0 min) cor-
rected AL increased by 20 ± 31 lm (p < 0.001), and remained elon-
gated by a similar magnitude compared to baseline (p < 0.05) at all
time points during accommodation (except for the 25 min mea-
surement p = 0.072). There was no signiﬁcant time by refraction
interaction found for corrected AL values during accommodation
(p = 0.554) and no signiﬁcant refractive error effect for the changein AL during accommodation (p = 0.136), indicating that the mag-
nitude of axial elongation for the myopic subjects (mean elonga-
tion across all time points during the accommodation task
22 ± 34 lm) was not statistically signiﬁcantly different to that ob-
served in the emmetropes (mean elongation 6 ± 22 lm) (Fig. 3).
When considering the disaccommodation task, a signiﬁcant ef-
fect of time was not observed for the corrected AL values. There
was however a signiﬁcant (p < 0.05) time by refractive error inter-
action. Immediately following task cessation (time 30 min) axial
elongation for the myopes was signiﬁcantly longer than baseline
(13 ± 28 lm) and myopes showed a signiﬁcantly greater change
in corrected AL from baseline compared to the emmetropes
(p < 0.05) at both 30 and 35 min (Fig. 3). None of the changes in
AL in the emmetropic group post-task were signiﬁcantly different
from baseline (p > 0.05).
When the myopic group was classiﬁed in terms of refractive er-
ror progression there was no clear evidence of a difference be-
tween the stable (n = 20) and progressing (n = 12) subjects in
terms of the axial elongation observed during (stable 26 ± 42 lm
versus progressing 20 ± 25 lm at time 0 min) or after the accom-
modation task (stable 14 ± 30 lm versus progressing 11 ± 26 lm
at time 30 min, immediately post-task). Pearson’s correlation also
revealed no signiﬁcant correlation between the subjects’ baseline
AL or myopic progression rate and axial elongation at any time
point.
The mean baseline ACD ± SD for all subjects (n = 54) was
3.27 ± 0.34 mm, and the myopes exhibited a signiﬁcantly deeper
ACD (n = 36) than the emmetropes (n = 18) (3.37 ± 0.24 mm versus
3.09 ± 0.42 mm) (p < 0.05). Baseline LT was thinner on average in
the myopes (n = 29) than the emmetropes (n = 15), although this
difference did not reach signiﬁcance. MANOVA revealed the reduc-
tion in ACD and increase in LT during the accommodative task to
be highly signiﬁcant, but there was no signiﬁcant time by refrac-
tive group interaction or refractive group effect for the changes
in either dimension. Each of the time points during accommoda-
tion was highly signiﬁcantly different from baseline for both
parameters. During the disaccommodation period only ACD
showed a signiﬁcant time effect, with highly signiﬁcant ACD shal-
lowing from baseline observed at all times post-task (average
change of 0.04 ± 0.02 mm during accommodation measures).
The independent masked observer could detect consistent cho-
roidal peaks in all measurements in the Lenstar data for 37 of the
59 subjects, comprised of 25 myopes and 12 emmetropes.
Throughout the time course of the task, ChT was observed to
Fig. 3. Plot of change in corrected axial length (AL) from baseline (BL) and change in choroidal thickness (ChT) from baseline versus time in myopes and emmetropes. All
mean ± SEM values are presented in microns (lm). Baseline measurements were taken before the near task was commenced.
Fig. 4. Plot of change in corrected axial length (AL) from baseline (BL) and change in choroidal thickness (ChT) from baseline versus time for all subjects. All mean ± SEM
values are presented in microns (lm). These results were taken from the subjects who had both valid choroidal and axial length data at all time points (n = 27). Baseline
measurements were taken before the near task was commenced.
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AL changes observed (the mean thinning of the choroid during
accommodation was 38% of the mean axial elongation). MANOVA
revealed the effect of time to approach signiﬁcance during accom-
modation (p = 0.064) and disaccommodation (p = 0.071). A signiﬁ-
cant time by refractive error interaction was noted during
accommodation (p < 0.05), with myopes showing evidence of sta-
tistically signiﬁcant (p < 0.05) thinning of ChT from baseline at 5
and 10 min into the accommodative task (Fig. 3). There was notime by refractive error interaction found during disaccommoda-
tion (p = 0.165). On average the choroid of the myopic subjects be-
came thinner by 9 ± 18 lm during accommodation, and the
emmetropes by 7 ± 22 lm. Fig. 4 graphically illustrates the mean
change in ChT with time in the myopes and emmetropes for both
accommodation and disaccommodation, and the mean changes in
corrected AL during the accommodation and disaccommodation
tasks for the subjects who had both valid choroidal and axial length
data at all time points (n = 27). Analysis of covariance revealed a
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changes in AL and ChT (p < 0.001, r2 = 0.077, slope b = 0.321).
Retinal thickness could be estimated in 41 of the 59 subjects (22
myopes, 19 emmetropes). MANOVA showed no signiﬁcant effect of
time, refraction, or time by refraction interaction during accommo-
dation or disaccommodation.4. Discussion
Using optical low coherence reﬂectometry and adjusting for po-
tential errors in axial length due to changes in lens thickness, our
cohort of young adult subjects demonstrated a signiﬁcant axial
elongation immediately following the commencement of an
accommodation task. This was sustained for the duration of the
task, and was also evident to a lesser extent immediately following
task cessation. Axial length had returned to baseline levels 10 min
after the accommodation task. The changes in axial length during
and following prolonged accommodation were typically of larger
magnitude in the myopic subjects compared to the emmetropic
subjects, with statistically signiﬁcant differences between the
myopic and emmetropic populations primarily observed during
disaccommodation. A small magnitude thinning of the choroid
was also observed during the near task that was statistically signif-
icant in the myopic subjects, suggesting that these choroidal
changes could potentially account for a portion of the increased ax-
ial length during accommodation.
The increase in axial length which accompanies accommoda-
tion has been well documented (Drexler et al., 1998; Mallen, Kash-
yap, & Hampson, 2006; Read et al., 2010a; Suzuki et al., 2003;
Woodman et al., 2010), however the time course of change in axial
length with accommodation or the effect of disaccommodation
after a prolonged near task has not been investigated in detail.
Although the axial elongation observed during the accommodation
task was of slightly higher magnitude in the myopic subjects, the
corrected axial length data indicates that differences in elongation
during the task between refractive groups were not statistically
signiﬁcant. However signiﬁcant differences associated with refrac-
tive error were observed in the post-task measures. During this
time, the myopic subjects still exhibited a small degree of axial
elongation, but the axial length of the emmetropic subjects was
not signiﬁcantly different to the baseline measures. This suggests
that the time for recovery from accommodation induced axial
elongation is greater in myopes, and this could reﬂect differences
in the biomechanical properties of the globe associated with
refractive error. Our ﬁndings of differences in axial elongation be-
tween myopes and emmetropes following the completion of the
near task is consistent with our previous work (Woodman et al.,
2010) using the IOLMaster that also found a tendency for myopes
to exhibit greater axial elongation than emmetropes following a
prolonged near task.
It is possible that an increase in the effective refractive index of
the lens could account for some of the reported changes in axial
length which accompany accommodation. However, there is some
debate in the literature surrounding the nature of the changes in
the crystalline lens’ refractive index with accommodation. While
earlier reports suggest a small increase in refractive index with
accommodation (Dubbelman, Van der Heijde, & Weeber, 2005), la-
ter studies which measured the accommodation response and con-
trolled for a lag of accommodation found no change (Hermans
et al., 2008) and others report a small decrease in refractive index
of the central lens with accommodation (Jones, Atchison, & Pope,
2007). Because the nature of the changes in lens refractive index
with accommodation is not completely understood, in our analysis
we used an approach that kept the effective refractive index of
the crystalline lens constant for both states (i.e. the proportioncontribution to the overall lens thickness of the lens shells was
kept constant for the unaccommodated and accommodated cases).
However, to examine the potential inﬂuence of an increase in
effective lens refractive index with accommodation, we performed
additional analysis using a model that assumes an increase in
effective refractive index of the crystalline lens of 0.13% (similar
to the increase for the gradient index model of Atchison and Smith
(2004)) which reduced the magnitude of elongation, but still
resulted in an average signiﬁcant (p = 0.02) increase in axial length
with accommodation of 11 ± 31 lm (myopes 17 ± 35 lm, emme-
tropes 0 ± 18 lm).
The axial elongation seen in the myopic group immediately
after task cessation could account for low levels of near-work in-
duced transient myopia (NITM), however the 12 lm difference
from baseline immediately following the accommodative task in
the myopic subjects would only equate to an 0.04 D myopic shift.
This would only account for a small proportion of the typical mag-
nitude of NITM previously reported (Ciuffreda & Lee, 2002; Ciuffre-
da & Wallis, 1998; Rosenﬁeld & Ciuffreda, 1994). Our results show
a transient axial elongation following the near task in the myopic
but not emmetropic subjects and this is consistent with previous
studies that have found myopes to show signiﬁcant effects of
NITM, while emmetropes show full decay to baseline levels by task
completion (Ciuffreda & Lee, 2002; Ciuffreda & Wallis, 1998;
Vasudevan & Ciuffreda, 2008).
Both Drexler et al. (1998) and Mallen, Kashyap, and Hampson
(2006) hypothesised that ocular elongation accompanying accom-
modation was due to the force of ciliary muscle contraction
decreasing the circumference of the sclera at the equator of the
globe, and resulting in axial elongation of the globe. Another pos-
sible anatomical change which could potentiate an apparent in-
crease in axial length would be a thinning of the choroid, rather
than a stretching of the globe. In this study we found some evi-
dence of a decrease in choroidal thickness during accommodation,
and these choroidal changes exhibited a signiﬁcant negative corre-
lation with the changes in axial length. The most prominent and
statistically signiﬁcant reductions in choroidal thickness were ob-
served in the myopic subjects during accommodation, with the
highest magnitude of change in choroidal thickness observed
10 min after beginning the accommodation task. Although the
emmetropic subjects on average also exhibited a reduction in cho-
roidal thickness during accommodation, these changes did not
reach statistical signiﬁcance. The magnitude of change in choroidal
thickness compared to axial length (38%), and the relatively weak
correlation between the two measures suggests that although
choroidal thickness changes appear to contribute to the changes
in axial length, other factors such as scleral stretch are also highly
likely to play a role in the axial elongation during accommodation.
It is unlikely that the choroidal thickness measures derived
from the Lenstar will be inﬂuenced by the same accommodation
induced artefact as the axial length measurements (Atchison &
Smith, 2004), because the optical path length measured through
the choroid should not be affected by alterations in lens thickness.
However, it is possible that magniﬁcation effects associated with
an increase in the eye’s refractive power could potentially inﬂu-
ence the choroidal thickness estimates. To investigate the potential
inﬂuence of magniﬁcation factors upon the measurement of intra-
ocular distances with the Lenstar optical biometer, we performed
additional measurements with a model eye. Measurements of
ocular distances of the model eye were unchanged whether the
model eye was measured on its own (23.91 mm) or whether it
was measured with a +4 D lens placed in front of it. This suggests
that magniﬁcation effects associated with 4 D of accommodation
are unlikely to have a substantial inﬂuence upon our measures
of choroidal thickness with the Lenstar instrument. There are
however limitations to the measurements obtained by the Lenstar
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in all subjects, and the method of identifying the P4 peak associ-
ated with the choroid requires subjective judgement. The Lenstar
measurements also represent the choroidal thickness from a single
subfoveal location. It is possible that the changes in choroidal
thickness may increase anteriorly, closer to the ciliary body. Future
research utilising alternative measurement techniques capable of
more reliable choroidal imaging at the fovea and across the
posterior pole, such as optical coherence tomography will be useful
to more comprehensively understand the choroidal response with
accommodation.
Whilst the results from this study indicate that a thinning of the
choroid accompanies accommodation, the mechanism underlying
this change is less clear. Although there is an overall small amount
of thinning in the choroid and an axial elongation with accommo-
dation, the axial length and choroidal data do not always show the
same trends in magnitude and time course. Given that tendons
from the ciliary muscle have been found to insert into regions of
the anterior choroid (Tamm et al., 1991), it is possible that forces
from contraction of the ciliary muscle could be transmitted to
the choroid, and hence inﬂuence choroidal thickness mechanically.
However, if choroidal thickness changes were linked to forces from
the ciliary muscle, then a correlation should be seen in the dy-
namic changes in lens thickness during accommodation and recov-
ery. However, there was no association evident between these
parameters as the lens thickness returned to baseline values
immediately following task cessation. It is therefore unlikely that
changes to the subfoveal choroidal thickness that we have ob-
served during accommodation are mechanically linked. The
changes observed in choroidal thickness could also potentially in-
volve alterations in blood ﬂow or changes in the tone of non-vas-
cular smooth muscle within the choroid. Given that choroidal
blood vessels and non-vascular smooth muscle (NVSM) cells both
receive autonomic innervation, it is conceivable that neural signals
associated with accommodation could also inﬂuence these choroi-
dal structures (Lutjen-Drecoll, 2006; Nickla &Wallman, 2010; Pou-
kens, Glasgow, & Demer, 1998). In our experiment, during
accommodation the choroid was observed to thin, returning to
baseline levels after accommodation subsided. One possible expla-
nation for this is an increase in parasympathetic input to the NVSM
cells during accommodation, leading to a contraction of these cells
and thinning of the choroid.
It is also possible that optical factors associated with accommo-
dation could lead to changes in the choroid. It is well known from
animal research, (Nickla &Wallman, 2010) and it has recently been
found in human subjects (Read, Collins, & Sander, 2010b), that
optical stimuli that blur the retinal image can lead to changes in
the thickness of the choroid, which result in alterations in the axial
length of the eye. These choroidal changes in response to defocus
have been shown to occur rapidly (Read, Collins, & Sander,
2010b). It is therefore conceivable that changes in the optical char-
acteristics of the eye during accommodation (e.g. increased lag of
accommodation or increased levels of higher order aberrations),
could also inﬂuence choroidal thickness and hence contribute to
the axial length changes associated with near work. Future re-
search utilising simultaneous measurements of ocular optics (e.g.
measures of ocular aberrations) and ocular biometrics during near
tasks, to examine the relationship between the optical and axial
length changes associated with accommodation will help to clarify
whether accommodative changes in choroidal thickness are
mechanically or optically driven.
There were differences observed between the myopic and
emmetropic subjects’ choroidal response to accommodation and
disaccommodation, with a more prominent choroidal thinning ob-
served in myopes, which suggests a possible difference in choroidal
structure or innervation between the two refractive error groups. Athinning of the choroid with accommodation could therefore
potentially be an important factor in refractive error development,
given that animal research has demonstrated that a choroidal thin-
ning can occur during the development of myopia, and can precede
changes in overall scleral growth (Hung, Wallman, & Smith, 2000;
Wallman et al., 1995; Wildsoet & Wallman, 1995). However, given
that the changes we have observed are short term and transient,
further research is required to better understand the implications
of accommodation induced choroidal thinning for human myopia
development.
As expected, signiﬁcant changes were also found in anterior
chamber depth and lens thickness with accommodation. The mag-
nitude of change in these anterior eye parameters is consistent
with previous studies and indicates an accommodative response
close to the 4 D stimulus from the myopic and emmetropic popu-
lations (Ostrin et al., 2006).5. Conclusions
In summary, this study conﬁrms previous ﬁndings
demonstrating a signiﬁcant axial elongation associated with
accommodation. This elongation persists for a short time following
task cessation in myopic subjects before returning to baseline lev-
els. We have also shown for the ﬁrst time, that accommodation is
accompanied by a thinning of the choroid, that accounts for some
but not all of the changes in axial length that are apparent during
accommodation.Acknowledgment
We thank Mr. Ranjay Chakraborty for assistance with data anal-
ysis procedures.References
Atchison, D., & Smith, G. (2004). Possible errors in determining axial length changes
during accommodation with the IOLMaster. Optometry and Vision Science, 81(4),
282–285.
Bland, J., & Altman, D. (1995). Calculating correlation coefﬁcients with repeated
observations: Part 1 – Correlation within subjects. British Medical Journal,
310(6977), 446.
Brown, J., Flitcroft, D., Ying, G., Francis, E., Schmid, G., Quinn, G., et al. (2009). In vivo
human choroidal thickness measurements: Evidence for diurnal ﬂuctuations.
Investigative Ophthalmology and Visual Science, 50(1), 5–12.
Buckhurst, P., Wolffsohn, J., Shah, S., Naroo, S., Davies, L., & Berrow, E. (2009). A new
optical low coherence reﬂectometry device for ocular biometry in cataract
patients. The British Journal of Ophthalmology, 93(7), 949–953.
Ciuffreda, K. J., & Wallis, D. M. (1998). Myopes show increased susceptibility to
nearwork aftereffects. Investigative Ophthalmology and Visual Science, 39(10),
1797–1803.
Ciuffreda, K. J., & Lee, M. (2002). Differential refractive susceptibility to sustained
nearwork. Ophthalmic and Physiological Optics, 22(5), 372–379.
Cruysberg, L., Doors, M., Verbakel, F., Berendschot, T., De Brabander, J., & Nuijts, R.
(2009). Evaluation of the Lenstar LS 900 non-contact biometer. The British
Journal of Ophthalmology, 94(1), 106–110.
Curtin, B. (1985). The myopias. Basic science and clinical management. Philadelphia:
Harper & Row.
Drexler, W., Findl, O., Schmetterer, L., Hitzenberger, C., & Fercher, A. (1998). Eye
elongation during accommodation in humans: Differences between
emmetropes and myopes. Investigative Ophthalmology and Visual Science,
39(11), 2140–2147.
Dubbelman, M., Van der Heijde, G. L., & Weeber, H. A. (2005). Change in shape of the
aging human crystalline lens with accommodation. Vision Research, 45(1),
117–132.
Fulk, G., Cyert, L., & Parker, D. (2002). Seasonal variation in myopia progression and
ocular elongation. Optometry and Vision Science, 79(1), 46–51.
Grosvenor, T., & Scott, R. (1991). Comparison of refractive components in youth-
onset and adult-onset myopia. Optometry and Vision Science, 68(3), 204–209.
Grosvenor, T., & Scott, R. (1993). Three-year changes in refraction and its
components in youth-onset and early adult-onset myopia. Optometry and
Vision Science, 70(8), 677–683.
Hermans, E. A., Dubbelman, M., Van der Heijde, R., & Heethaar, R. M. (2008).
Equivalent refractive index of the human lens upon accommodative response.
Optometry and Vision Science, 85(12), 1179–1184.
E.C. Woodman et al. / Vision Research 72 (2012) 34–41 41Holzer, M., Mamusa, M., & Auffarth, G. (2009). Accuracy of a new partial coherence
interferometry analyser for biometric measurements. The British Journal of
Ophthalmology, 93(6), 807–810.
Hung, L., Wallman, J., & Smith, E. (2000). Vision-dependent changes in the choroidal
thickness of Macaque monkeys. Investigative Ophthalmology and Visual Science,
41(6), 1259–1269.
Ip, J., Saw, S., Rose, K., Morgan, I., Kiﬂey, A., Wang, J., et al. (2008). Role of near work
in myopia: Findings in a sample of Australian school children. Investigative
Ophthalmology and Visual Science, 49(7), 2903–2910.
Jacobsen, N., Jensen, H., & Goldschmidt, E. (2008). Does the level of physical activity
in university students inﬂuence development and progression of myopia? A 2-
year prospective cohort study. Investigative Ophthalmology and Visual Science,
49(4), 1322–1327.
Jiang, B., & Woessner, W. (1996). Vitreous chamber elongation is responsible for
myopia development in a young adult. Optometry and Vision Science, 73(4),
231–234.
Jones, C. E., Atchison, D. A., & Pope, J. M. (2007). Changes in lens dimensions and
refractive index with age and accommodation. Optometry and Visual Science,
84(10), 990–995.
Lin, L. L. K., Shih, Y. F., Lee, Y. C., Hung, P. T., & Hou, P. K. (1996). Changes in ocular
refraction and its components among medical students – A 5-year longitudinal
study. Optometry and Vision Science, 73(7), 495–498.
Lutjen-Drecoll, E. (2006). Choroidal innervation in primate eyes. Experimental Eye
Research, 82(3), 357–361.
Mallen, E., Kashyap, P., & Hampson, K. (2006). Transient axial length change during
the acommodation response in young adults. Investigative Ophthalmology and
Visual Science, 47(3), 1251–1254.
McBrien, N. A., & Adams, D. W. (1997). A longitudinal investigation of adult-onset
and adult-progression of myopia in an occupational group: Refractive and
biometric ﬁndings. Investigative Ophthalmology and Visual Science, 38(2),
321–333.
Mutti, D. O., Mitchell, G. L., Moeschberger, M. L., Jones, L. A., & Zadnik, K. (2002).
Parental myopia, near work, school achievement, and children’s refractive error.
Investigative Ophthalmology and Visual Science, 43(12), 3633–3640.
Nickla, D., & Wallman, J. (2010). The multifunctional choroid. Progress in Retinal and
Eye Research, 29(2), 144–168.
Onal, S., Toker, E., Akingol, Z., Arslan, G., Ertan, S., Turan, C., et al. (2007). Refractive
errors of medical students in Turkey: One year follow-up of refraction and
biometry. Optometry and Vision Science, 84(3), 175–180.
Ostrin, L., Kasthurirangan, S., Win-Hall, D., & Glasser, A. (2006). Simultaneous
measurements of refraction and A-scan biometry during accommodation in
humans. Optometry and Vision Science, 83(9), 657–665.
Poukens, V., Glasgow, B., & Demer, J. (1998). Nonvascular contractile cells in sclera
and choroid of humans and monkeys. Investigative Ophthalmology and Visual
Science, 39(10), 1765–1774.Read, S., Collins, M., Woodman, E., & Cheong, S. (2010a). Axial length changes during
accommodation in myopes and emmetropes. Optometry and Vision Science,
87(9), 656–662.
Read, S., Collins, M., & Sander, B. (2010b). Human optical axial length changes in
response to defocus. Investigative Ophthalmology and Visual Science, 51(12),
6262–6269.
Read, S., Collins, M., & Alonso-Caneiro, D. (2011). Validation of OLCR retinal and
choroidal biometry. Optometry and Vision Science, 88(7), 855–863.
Rohrer, K., Frueh, B., Walti, R., Clemetson, I., Tappeiner, C., & Goldblum, D. (2009).
Comparison and evaluation of ocular biometry using a new noncontact optical
low-coherence reﬂectometer. Ophthalmology, 116(11), 2087–2092.
Rosenﬁeld, M., & Ciuffreda, K. J. (1994). Cognitive demand and transient nearwork-
induced myopia. Optometry and Vision Science, 71(6), 381–385.
Saw, S., Chua, W., Hong, C., Wu, H., Chan, W., Chia, K., et al. (2002). Nearwork in
early-onset myopia. Investigative Ophthalmology and Visual Science, 43(2),
332–339.
Saw, S., Cheng, A., Fong, A., Gazzard, G., Tan, D., & Morgan, I. (2007). School grades
and myopia. Ophthalmic and Physiological Optics, 27(2), 126–129.
Schmid, G., Papastergiou, G., Nickla, D., Riva, C., Lin, T., Stone, R., et al. (1996).
Validation of laser Doppler interferometric measurements in vivo of axial
length and thickness of fundus layers in chicks. Current Eye Research, 15(6),
691–696.
Suzuki, H., Uozato, H., Minei, R., & Shimizu, K. (2003). Changes in optical axial
length of the eye with accommodation. Japanese Orthoptic Journal, 32,
145–149.
Tamm, E., Lutjen-Drecoll, E., Junqkunz, W., & Rohen, J. (1991). Posterior attachment
of ciliary muscle in young, accommodating old, presbyopic monkeys.
Investigative Ophthalmology and Visual Science, 32(5), 1678–1692.
Tan, N., Saw, S., Lam, D., Cheng, H., Rajan, U., & Chew, S. (2000). Temporal variations
in myopia progression in Singaporean children within an academic year.
Optometry and Vision Science, 77(9), 465–472.
Vasudevan, B., & Ciuffreda, K. J. (2008). Additivity of near work-induced transient
myopia and its decay characteristics in different refractive groups. Investigative
Ophthalmology and Visual Science, 49(2), 836–841.
Wallman, J., Wildsoet, C., Xu, A., Gottlieb, M., Nickla, D., Marran, L., et al. (1995).
Moving the retina: Choroidal modulation of refractive state. Vision Research,
35(1), 37–50.
Wildsoet, C., & Wallman, J. (1995). Choroidal and scleral mechanisms of
compensation for spectacle lenses in chicks. Vision Research, 35(9),
1175–1194.
Woodman, E., Read, S., Collins, M., Hegarty, K., Priddle, S., Smith, J., et al. (2010).
Axial elongation following prolonged near work in myopes and emmetropes.
British Journal of Ophthalmology, 95(5), 652–656.
